Reviews questioning the low light r e q u i r e m e n t r e p o r t e d by Warburg have generally pertained t o the i n t e r p r e t a t i o n of the e x p e r i m e n t a l d a t a and t o a discussion of the improbability of such an efficient e n e r g y t r a n s f e r in such a complex and rapid p r o c e s s .
Some c r i t i c i s m , 9v lo' l2 however, h a s been d i r e c t e d to the manometric technique that was employed by Warburg and cow o r k e r s in m o s t experiments.
The c r i t i c i s m of the interpretation of the data, which i n many instances involves a consideration of assumptions made in connection with r e s p i r at i on, 12p13 l o s e s some of i t s f o r c e when applied t o W a r b u r g ' s m o r e r e c e n t 14 p a p e r s , in which long-term experiments a t high light intensities a r e r e p o r t e d . In these experiments, the r a t i o of photosynthesis to r e s p i r a t i o n r a t e i s so high that r e s p i r a t i o n c o r r e c t i o n s can be neglected. As f o r the objections t o the v e r y g r e a t efficiency of energy utilization f o r photosynthesis, model s y s t e m s a r e proposed for a four -quantum p r o c e s s that do not s e e m too unreasonable. l5 This i s m a d e e a s i e r b y what i s now known about the 16 t r a n s f e r of energy to the carbon-reduction cycle, this t r a n s f e r being about 85% efficient. Thus the ultimate resolution of this c o n t r o v e r s y m a y l i e i n the s a t i s f a c t o r y evaluation of the m a n o m e t r i c techniques.
---A complete evaluation of techniques i s beyond the scope of this p a p e r .
It m a y be of i n t e r e s t , however, to note that m a n o m e t r i c techniques a r e c r i t i c a l l y dependent on s m a l l changes i n solubility of carbon di.axide in the medium, and that this solubility i s influenced by changes i n hydrogen ion 17bijbj concentration a t any physiological pH. Tolbert -$' Kas noticed that under s u i table conditions, in p a r t i c u l a r a t high light intensities and high C 0 2 p r e s s u r e s , s o m e algae s e c r e t e into the medium considerable amounts of glycolic acid.
It i s conceivable that in s o m e of the quantum-requirement studies a t r a t h e r high light intensities, where photosynthesis exceeds r e s p i r a t i o n by a factor of forty, acid secretion of this type could gravely endanger assumptions r equired in any purely m a n o m e t r i c method. In view of this and other objections frequently r a i s e d to the m a n o m e t r i c technique, i t s e e m e d d e s i r a b l e to calcul a t e quantum r e q u i r e m e n t s f r o m m e a s u r e m e n t s based on unique physical p r o p e r t i e s of oxygen and carbon dioxide independently.
F u r t h e r m o r e , an investigation of the possible relation between r e s p i r ation and photosynthesis s e e m e d in o r d e r . Such a study was m a d e m o r e a t t r a c t i v e by the work of Brown, who h a s m e a s u r e d r e s p i r a t o r y uptake of oxygen g a s enriched with 018 and found that during a l t e r n a t e periods of light and d a r k of about fifteen o r twenty minutes each, the r a t e of r e s p i r a t o r y uptake in the light and d a r k i s the s a m e for Chlorella pyrenoidosa. This w a s found t o be t r u e a t r a t i o s of oxygen evolution during photosynthesis to oxygen uptake during r e s p i r a t i o n which a r e estimated f r o m his d a t a to r a n g e f r o m 0. 5 to 12. Thus, Brown's study f o r m s a b a s i s f o r the assumption that during these p e r i o d s of alternating d a r k and light, the r e s p i r a t i o n i s the s a m e , s o that in quantum-yield calculations i t becomes possible t o apply t h i s d a r k r e s p i r a t i o n r a t e a s a c o r r e c t i o n t o the observed oxygen evolution in the light.
Also important to the p r e s e n t discussion i s Brown's observation that, i n some c a s e s a t l e a s t , the r a t e of r e s p i r a t i o n in the d a r k following a p e r i o d of illurnination was g r e a t e r than the r a t e of r e s p i r a t i o n following a long period of d a r k n e s s . This effect was found t o l a s t for s o m e time following illumination, and the enhanced r a t e continued into subsequent periods of illhmination. E nhancement of r e s p i r a t i o n r a t e i n the d a r k following a p e r i o d of illumination was a l s o r e p o r t e d e a r l i e r by E m e r s o n and ~e w i s , l~ by Weigl et a l . , 2 0 and by 21 Brackett e t a l , I t a p p e a r s , therefore, that the effect of illumination on r e s p i r a t i o n i s a long-lived enhancement of the r a t e of respiration, which r em a i n s constant during periods of light and d a r k of the o r d e r of fifteen minutes or longer.
The method h e r e r e p o r t e d involves a r a t h e r d i r e c t m e a s u r e m e n t of oxygen evolution and light absorption during photosynthesis, and of oxygen uptake during r e s p i r a t i o n , without r e c o u r s e to complex c o r r e c t i o n s . Special precautions and a new technique w e r e employed in the m e a s u r e m e n t of absorbed light. The observations of the quantum r e q u i r e m e n t w e r e m a d e with a v a r i e t y of light intensities, the lowest intensity being n e a r the c o m p e n s ation point. This m a d e possible a n investigation of the contribution of e n e r g y f r o m r e s p i r a t i o n to photosynthesis and of the validity of c o r r e c t i o n s f o r r e sp i r ation in quantum r e q u i r e m e n t calculations, An attempt was a l s o m a d e to observe the effect on the quantum r e q u i r em e n t of adding a s m a l l i n c r e m e n t of blue light to the r e d light which was used f o r all of the quantum r e q u i r e m e n t m e a s u r e m e n t s . This study w a s suggested by the r e c e n t paper of Warburg, 2 2 who found that such an addition d e c r e a s e d the quantum r e q u i r e m e n t v e r y markedly. H e r e again, however, i t i s possible that the blue light effect m a y involve a photoactivation of s o m e a c i d -s e c r e t i n g enz yrrae .
METHODS AND MATERIALS
The s y s t e m used in this experiment i s shown schematically i n Fig. 1 .
The essential p a r t s of the s y s t e m a r e a c e l l C containing the suspension of algae, a carbon dioxide analyzer (CO in Fig. 1 ) and in oxygen analyzer (0 2 2 in Fig. I ), which a r e connected with each other by g l a s s tubing i n a g a scirculating s y s t e m . By a stopcock A, we c a n either open the s y s t e m f o r the introduction of a g a s or close i t for the observation of the r a t e of photosynt h e s i s or respiration. The m a i n flow of gas, which i s indicated by l a r g e solid a r r o w s , i s produced by the pump PI. A s m a l l e r gas flow i s n e c e s s a r y f o r the oxygen analyzer and this i s provided by a branched s y s t e m with a c a p i l l a r y K and another pump, P2* The oxygen analyzer i s v e r y sensitive t o any change of the total p r e s s u r e of g a s . To maintain the s y s t e m a t a t m o spheric p r e s s u r e and t o reduce s m a l l pulsations of p r e s s u r e , a r u b b e r m e mb r a n e H between the s y s t e m and the a t m o s p h e r e and a bulb D w e r e used. J i s the inlet for introduction of the suspension of algae and M and M a r e 1 2 flow m e t e r s .
Oxygen was determined by a B e c k a n oxygen analyzer m e a s u r i n g the paramagnetism of oxygen, and carbon dioxide was determined by a ListonBecker carbon dioxide analyzer m e a s u r i n g the i n f r a r e d absorption by c a r b o n dioxide. The two signals f r o m the a n a l y z e r s w e r e automatically r e c o r d e d by a multipoint r e c o r d e r . The sensitivity of the recording s y s t e m and the amplification of input signals w e r e s o adjusted that full scale on the r e c o r d e r paper r e p r e s e n t e d a 2 % range for oxygen and a choice of either 2 % or 5% f o r CO 2 " T h e r e i s a c l o s e l i n e a r relationship between the reading obtained f r o m the oxygen analyzer and the t r u e p a r t i a l p r e s s u r e of oxygen, but the r e s p o n s e f r o m the carbon dioxide analyzer deviates considerably f r o m linearity.
Therefore, the amount of oxygen generated i n photosynthesis or a b s o r b e d in r e s p i r a t i o n was used for the calculation of quantum r e q u i r e m e n t , while the change of carbon dioxide was used only for reference.
In o r d e r to calculate the total oxygen evolved or absorbed, it is n e c e s s a r y to know not only the sensitivity of the s y s t e m but a l s o the total volume f o r oxygen. Both calibrations a r e accomplished by using two tubes G of known volume, f r o m which p u r e nitrogen gas can be added to the s y s t e m i n two increments. Observation of the change i n s c a l e reading with each addition of nitrogen provides the two equations f r o m which the total volume and the sensitivity c a n be calculated. The volume of the system for oxygen w a s F i g . 1. Schematic Diagram of A p p a r a t u s f o r M e a s u r i n g Quantum Requirement of P h o t o s y n t h e s i s .
found to be 303 cc. After the volume w a s m e a s u r e d , the sensitivity of the s y s t e m was adjusted to 0,270 p e r l a r g e division, or 2 % full scale, and again checked.
The volume of algal suspension used was 93.5 A weighted m e a n of the e n e r g i e s a t the s e v e r a l wave lengths gave 6376 2, and this was used in the calculation. E n e r g y a t
wave lengths s h o r t e r than 6000 i s l e s s the 0.02% of the total. the bolometer a t the c e n t e r a r e a of the field, which was quite uniform. 2
The 93.5-cc suspension of algae occupied 110. 6 c m of the c e l l c r o s ssectional a r e a , while t h e r e was an unoccupied a r e a of 12.7 c m 2 above the suspension when no gas was passing through. When the g a s pump was turned on, causing a gas flow r a t e of about 1,100 cc/min, the bubbling of gas through the suspension r e s u l t e d in a redistribution of the unoccupied a r e a among many bubbles. The gas pump was turned off m o m e n t a r i l y during readings of the transmitted light. The light e n e r g y absorbed was then calculated a s 2 the difference between incident and t r a n s m i t t e d light i n watts p e r c m , 2 multiplied by the above " r e s t a r e a , I ' 110.6 c m . This calculation involves the assumption that the r e s t a r e a i s the s a m e a s the "bubbling a r e a . " In other words, i t i s a s s u m e d that each bubble occupies the e n t i r e thickness of the cell, an assumption that i s in a g r e e m e n t with the appearance of the bubbles during the experiment. The g r e a t e s t e r r o r that could r e s u l t f r o m this assumption can be calculated by considering the e x t r e m e c a s e in which the bubbles would occupy the e n t i r e a r e a , but only 12. 70/123. 3 of the thickn e s s of the cell. In this c a s e , the absorbed light energy would be about 4 % g r e a t e r . Since f r o m the appearance the f o r m e r c a s e i s much n e a r e r to reality, the actual e r r o r cannot be m o r e than about 2.10. drawn out, and the s a m e amount of c u l t u r e medium was added t o the r e m a i ning 200 cc, s o that a reproducible s t a t e of culture was obtained a t each h a rvesting, s e v e r a l days after the initial inoculation. The effect of the period between harvesting on the quantum r e q u i r e m e n t was checked, and e v e r y 24 h o u r s ' h a r v e s t was found to be reproducible f o r the m e a s u r e m e n t of quantum r e q u i r e m e n t and t o give a higher efficiency than algae grown for either s h o r t e r or longer periods of t i m e under our growth conditions. The h a r v e s t e d s u spension was used immediately without f u r t h e r manipulation for the observation of the quantum r e q u i r e m e n t . The absorbence (optical density) of the suspension of algae used was between 0.502 and 0,615, and the pH was 7.0 to 7.1.
The effect of the concentration of c a r b o n dioxide in air on photosynthesis r a t e was tested a t 170 and 4%. The r a t e at 4Jo C 0 2 was only 5 8 higher than the r a t e at 1% C02. S O that the photosynthetic r a t e under the light condition used can be considered to be s a t u r a t e d with r e s p e c t to carbon dioxide at 4% C 0 2 The data described below a r e all obtained with 470 GO2 i n air.
The effect of blue light on the quantum requirement of photosynthesis was light, but the i n c r e m e n t of the r a t e w a s found t o be just proportional t o the additional quanta of blue light, s o that, i n our experimental condition, no catalytic blue-light effect was observed.
RESULTS AND DISCUSSION
The r e s u l t s of one s e r i e s of experiments a r e shown in Table I 0. 502 to 0.615 , the number of quanta absorbed depends principally on the incident light intensity. Table I Light absorbed and g a s evolved in photosynthesis
These results a r e shown graphically in F i g . The difference between the G and P value for any experiment i s , of course, R , the respiration rate following photosynthesis. Values of R a r e plotted against quanta absorbed during the previous period of photosynthesis in the experiments reported h e r e were all a t photosynthesis r a t e s above the 22 compensation point, little can be said about the Kok effect in this case. An important point in this experiment i s that following higher light intensities the respiration r a t e approaches a constant maximal value which results in the c o r r e c t e d curve (P in Fig. 3 ) having the same final slope a s the uncorrected line, This curve can be expressed a s
Since the uncorrected oxygen-evolution curve contains both the oxygen evolution by photosynthesis and the oxygen absorption by respiration in the light, there a r e only two possible circumstances under which it should be a straight line over the entire range studied. The fir s t i s that the quantum yield of photosynthesis be completely independent of respiration and the r e s - Since respiration in the dark does vary with the light intensity to which the plants a r e accustomed, not only in these experiments but also in those of Fig. 3 . C o r r e c t e d and uncorrected r a t e s of oxygen evolution during photosynthesis a s a function of r a t e of light absorption.
F i g . 4 . Rate of oxygen absorption during respiration a s a function of previoils light-absorption rate.
~r o w n '~ and of Weigl, 20 and since the r e p o r t by Brown shows that the r e spiration r a t e i s constant i n the light and in the d a r k for alternating light and d a r k periods of about twenty minutes, i t can be a s s u m e d that the r e s p i r a t i o n r a t e does v a r y with the light intensity, and i s equal a t any given light intensity to the r a t e observed in a subsequent dark period. Consequently, the second of the above hypotheses s e e m s c o r r e c t . This leads t o the concept of " e x t r a respiration" given by the difference R -Ro, which r e p r e s e n t s the enhancement of respiration r a t e due to photosynthesis a t any light intensity.
The effect of respiration on quantum requirement i s shown in Fig in Fig. 3 , m e a n s that in this e x p e r i m e n t each e x t r a molecule of oxygen absorbed by enhanced r e s p i r a t i o n r e s u l t s in the conservation of the s a m e number of quanta a s would be r e q u i r e d for the evolution of a molecule of oxygen a t a light intensity s o high that the contribution of r e s p i r a t i o n t o photosynthesis i s negligible. This equivalence, although fortuitous, i s not unreasonable i f we consider existing biochemical evidence,
The r e q u i r e m e n t s for the operation of the carbon reduction cycle leading to the reduction of a carbon di:oxide molecule a r e now f a i r l y well known, and ATP t RUMP----4RuDP t ADP,
T r i o s e phosphate t 2 ADP t 2 TPN+.
The t r i o s e phosphate m o l ecules a r e r e a r r a n g e d t o s u c r o s e and r i bul o s e monophosphate without f u r t h e r e n e r g y requirement.
Whi l e t h e r e a r e m a n y p o s s i ble ways i n which the r e d u c i n g agent might be f o r m e d w i t h 1 i ght energy, i t s e e m s reasonable t o suppos e t h a t one quant urn m a y be r e q u i r e d f or the t ransf e r of each e l e c t r o n f r o m w a t e r t o t h e electron acceptor, which then becomes t h e r educt a n t . Since t w o m o l e c u l e s of t w o -e l e c t r o n reductant a r e r e q u i r e d f o r t h e r e d u c t i o n of one CO molecul e, o n l y four quanta would be requi r e d , i f a l l t h e ATP 2 could be supplied f r o m r e s p i r a t i on. This i s in a g r e e m ent w i t h t h e experiment a1 r e s u l t s h own in F i g. 5, in which t h e c o r r e c t e d quant u m requirement a t the 1 ow e s t li ght i n t e n s i t y i s 4 . 9 and t h e c o r r e c t e d c u r v e i s t ending tow a r d 4 a t P/R = 0 .
At high li ght i ntens ities, when r e s p i r a t i o n i s inadequ a t e t o supply t h e r e q u i r e m e n t of ATP, some reductant m u s t be oxi d i z e d w i t h oxygen or some i n t e r m e d i a t e i n oxygen evolution t o p r o v i d e e n e r g y for t h e studies of oxidati ve ph osphorylation during r e s p i r a t i o n 2 4 i ndicat e that i n t h a t c a s e the number m a y be t w o o r t h r e e . In p h o t o s y n t h e s i s , since t w o q u a n t a a r e r e q u i r e d fo r t h e f ormation of one mol ecul e o f r e d u c t a n t , e i t h e r one or 2/3 quantum r e s p e c t i v e l y i s r e q u i r e d f o r t h e f o r m a t i o n of each molecule of A T P . T heref o r e , t h e t otal quant urn r e quirement to f o r m 2 TPNH and 3 A T P molecules i s e i t h e r 7 o r 6.
As f or t h e value of Aq (R -R o J , whi c h i s t h e c ontributi on of r espi r at o r y energy to photosynthesi s i n t e r m s of quant a s aved c o m p a r e d t o e x t r a oxygen consumed, i t h a s been e s t i m a t e d that about s i x o r seven molec ules of A T P a r e f o r m e d for each molecule of oxygen consumed by r e s p i r a t i on.
If i t i s t r u e that one q u a n t u m i s r e q u i r e d for t h e f o r m a t i o n o f one ATP when photosynthetic r e duct ant i s oxidi zed, a s s t a t e d above, then each m o l ecule of oxygen t aken up a s a r e s u l t of enhanced r e s p i r a t i on will The i n c r e a s e i n both li ght and d a r k r e s p i r a t i o n r a t e that r e s u l t s f r o m conditi oning of the p l a n t s t o a given 1 evel of photosynthesi s --a s c o m p a r e d with t h e r e s p i r a t i o n r a t e of t h e a1 gae aft e r a 1 ong p e r i o d of darkne s s --probably i s due to the i n c r e a s e i n availabil i t y of f r e e s u g a r s newly f o r m e d by photosynthesis. Th us, a f t e r a 1 ong p e r i o d of d a r k n e s s , t h e 1 evel of r e s p i r a t i o n i s m a i n t a i n e d by breakdown of s t a r c h a n d other s t o r a g e p r o ducts and i s j us t enough t o m a i ntain the plant ' s "bas i c m e t abol i c r a t e . "
This basic r e s p i r a t i on would s u p p l y no e n e r g y t o photosynthesis w h e n t h e plants a r e again placed in the l i g h t . s u c h e n e r g y contributi ons would be possible only a f t e r t h e plant had lai d down some s u g a r s by photosynt h e s i s and the r e s p i r a t i o n r a t e had i n c r e a s e d . Thus t h e 1 ow quant urn r e q u i r ements observed when t h e plants a r e phot osynthe sizi ng a t 1 ow 1 i ght int e ns i t i e s following a long period of photosynthesis a r e a t t a i n e d a t t h e e x p e n s e of chemical e n e r g y s t o r e d d u r i ng previous photo synt h e s i s .
F a i l u r e to obtain t h e blue-li ght e f f e c t r e p o r t e d by Warburg m a y have been due to the cult u r e conditions used f o r t h e a 1 gae. A c c o r d i n g t o W arburg, t h e blue-li ght effect was f ound with a1 gae g row n i n wi nte r by a north window with an incandescent 1 i ght f or addi t ion a1 i 11 umi nat i on, but not with algae grown i n t h e s u m m e r . The winte r 1 i ght and incande scent 1 amp m a y be somewhat dif i c i ent i n blue l i g h t . I n any e v e n t , we never had algae with a v e r y h i g h quant urn r e q u i r e m e n t in p u r e r e d 1 ight, a condit ion t h a t i s probabl y n e c e s s a r y if one i s t o observ e t h e blue-li ght e f f e c t .
